Members of the alphaherpesvirus subfamily, exemplified by herpes simplex virus types 1 and 2 (HSV-1 and HSV-2), bovine herpesvirus 1 (BHV-1), and pseudorabies virus (PRV), have a very broad host range in cultured cells. They can also infect and cause disease in animal species other than the natural host. PRV has been used for experimental infections of mice and rats, in part to study aspects of PRV pathogenesis and in part to monitor viral spread in the nervous system as a means of tracing neuronal connections (3, 4, 7, 16, 25) . For these studies, it is important to know the identities and distributions of rodent receptors for PRV entry into cells.
Human and animal representatives of the alphaherpesvirus subfamily exhibit common requirements for entry into cells (19, 29) . The initial interaction of virus with cells is binding of the virion glycoprotein gC, and in some cases gB, to cell surface glycosaminoglycans, preferentially heparan sulfate. Although gC is dispensable for the infection of many cultured cells, gB, gD, gH, and gL are required for mediating the fusion between virion envelope and cell membrane that allows viral penetration. Cells expressing gD of HSV, BHV-1, or PRV can be resistant to infection by homologous virus and, in some cases, by heterologous alphaherpesviruses (6, 8, 14, 26) . This phenomenon, termed gD-mediated interference, suggests that cell-associated gD may sequester or down-regulate a cellular factor required for viral entry.
Recently, four human cell surface proteins have been shown to mediate the entry into cells of one or more of the alphaherpesviruses including PRV (12, 21, 31) . One of these proteins is a previously undescribed member of the tumor necrosis factor receptor family, designated HVEM originally (21) and later HveA (12, 31) . The other three proteins are related members of the immunoglobulin (Ig) superfamily, a subfamily including the poliovirus receptor (CD155) (18) , poliovirus receptor-related protein 1 (Prr1) (17) , and poliovirus receptorrelated protein 2 (Prr2) (11) , which have also been designated CD155-HveD, HveC, and HveB, respectively (12, 31) . Prr1-HveC and Prr2-HveB have no detectable activity as receptors for poliovirus entry (23) . All three members of the subfamily are receptors for PRV entry, however, and subsets of the three also serve as receptors for HSV-1, HSV-2, and BHV-1 entry (12, 31) .
A murine homolog of the poliovirus receptor subfamily is Mph (22) . Two transmembrane glycoproteins differing only in the transmembrane and cytoplasmic domains, Mph␣ and Mph␦, are expressed from mRNAs generated by alternative splicing from the primary transcript (2, 10, 22) . Although Mph was initially isolated on the basis of its homology to CD155-HveD, recent studies (1, 11) suggest that it is more closely related (69% identical and 84% similar) to human HveB than to CD155-HveD. In this paper, we use the term mHveB for Mph␣. It has recently been reported that mHveB mediates homophilic cell aggregation (1) . Male mice carrying a homozygous disruption of the mph gene produce morphologically aberrant spermatozoa and are infertile, indicating a role for this gene in spermatogenesis (5) . Our results presented here demonstrate that mHveB can serve as a receptor for PRV entry.
Murine HveB expression in CHO-K1 cells enhances PRV entry. An mHveB-expressing plasmid, designated pDS6, was isolated from a day 19 fetal mouse (FVB strain) cDNA expression library, by a PCR-based technique called Rapid Screen (Origene Technologies, Inc.). Nucleotide sequencing was performed to confirm the presence of the mHveB insert, which proved to be identical in sequence to the cDNA described by Morrison and Racaniello (22) . Because Chinese hamster ovary (CHO-K1) cells are highly resistant to the entry of several alphaherpesviruses despite the expression of cell surface glycosaminoglycans to which the viruses can bind (12, 21, 28, 31) , these cells were transfected with the mHveB-expressing and control plasmids to test the alphaherpesvirus entry activity of mHveB. The transfected cells were inoculated with recombinants of HSV-1(KOS) (21), a mutant designated HSV-1(KOS) Rid1 (31), HSV-2(333) (27) , BHV-1(Cooper) (20) , and PRV (Kaplan) (3), each of which carried lacZ so that susceptibility of the cells to infection could be assessed by quantitation of ␤-galactosidase activity, by methods previously described (12, 21, 31) . In multiple experiments (data not shown), mHveB consistently failed to enhance the entry of HSV-1(KOS), HSV-1 (KOS)Rid1, HSV-2(333), or BHV-1. However, mHveB expression significantly enhanced the entry of PRV, as demonstrated by quantitation of ␤-galactosidase activity after exposure of mHveB-expressing and control CHO-K1 to serial dilutions of virus (data not shown) and as illustrated in Fig. 1 . For this experiment, CHO-K1 cells were transiently transfected with the mHveB-expressing plasmid or a control plasmid and then either stained with anti-mHveB monoclonal antibody (MAb) 6B3 (1) or exposed to PRV, in order to determine whether the numbers of cells expressing mHveB and rendered susceptible to PRV entry were approximately the same. Whereas the cells transfected with control plasmid failed to react with the antimHveB antibody and resisted PRV entry ( Fig. 1B and D) , approximately 30% of the cells transfected with the mHveB plasmid expressed mHveB (Fig. 1A) and were infected by PRV as assessed by X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) staining (Fig. 1C) . The spectrum of alphaherpesvirus entry activity observed for mHveB is similar to that observed for human HveB except that human HveB could mediate entry of HSV-1 mutants, such as HSV-1(KOS)Rid1, that have amino acid substitutions at position 27 in gD, and also of some HSV-2 strains (31).
Anti-mHveB antibody (6B3) and soluble mHveB block PRV entry. If the entry activity of mHveB depends on direct interaction with a PRV envelope glycoprotein, then antibodies specific for appropriate regions of mHveB could block viral entry and soluble mHveB could bind to virus, thereby preventing the virus from binding to cell surface membrane-bound mHveB. Two MAbs were tested for the ability to block mHveB-dependent entry of PRV. Antibody 6B3 binds to the N-terminal Vlike domain of mHveB, and antibody 18C12 binds to the membrane-proximal C2-like domain (1) . Figure 2A shows that incubation of mHveB-expressing CHO-K1 cells with antibody 6B3, but not the control antibody, almost completely inhibited . The fixed cells were immunostained by incubation with the anti-mHveB MAb 6B3 (1:100 dilution) for 1 h at room temperature followed by washing with phosphate-buffered saline and serial incubations with horseradish peroxidase-conjugated goat anti-rat IgG antibody (1:200 dilution for 1 h) and DAB (3,3Ј-diaminobenzidine tetrahydrochloride), which produces a brown insoluble end product. (B and D) At 48 h posttransfection, the cells were exposed to a ␤-galactosidase-expressing recombinant of PRV(Kaplan) (3) at 20 PFU/cell. After 6 h, the cells were washed three times with phosphatebuffered saline, fixed, permeabilized, and incubated with X-Gal, which yields an insoluble blue product upon hydrolysis by ␤-galactosidase.
PRV infection whereas antibody 6B3 had no effect on infection of human HveC-expressing cells. Antibody 18C12, tested at the same range of concentrations as shown for 6B3, had only partial inhibitory activity (data not shown).
The soluble mHveB was purified from the culture medium of 3T3 cells engineered to express the three extracellular Iglike domains linked to six histidine residues (10). After chromatography on nickel-agarose, Q-Sepharose, methyl-Sepharose, and Sephacryl S-300, soluble mHveB was judged to be greater than 95% pure by silver staining (data not shown). The purified soluble mHveB and bovine serum albumin (BSA) as control were mixed at various concentrations with PRV, and then CHO-K1 cells expressing mHveB were inoculated with the protein-virus mixtures. Figure 2B shows that soluble mHveB, but not BSA, caused significant inhibition of PRV entry, as much as 80% inhibition at the highest dose tested. Similar blocking effects have been observed elsewhere with human HveA and HveC (12, 21) , which were shown to bind directly to HSV gD (15, 24, 33, 34) . Taken together, the results obtained with the anti-mHveB antibodies and soluble mHveB indicate that mHveB binds directly to PRV.
PRV entry via mHveB is sensitive to gD-mediated interference. To determine whether PRV entry mediated by mHveB was subject to gD-mediated interference, CHO-K1 cells were transiently cotransfected with mixtures of mHveB expression plasmid and gD expression plasmids (or control plasmids) and then inoculated with various doses of ␤-galactosidase-expressing PRV. As shown in Fig. 3C and F, coexpression of PRV gD with mHveB strongly interfered with PRV infection, suggesting a direct interaction between the two proteins. Enhancement of interference was observed when the ratio of PRV gD to mHveB was increased from 1:1 (Fig. 3C ) to 4:1 (Fig. 3F ) during transfection. However, similar ratios of wild-type HSV-1 gD had no effect on PRV entry (Fig. 3A and D) . This is consistent with the inability of HSV-1(KOS) to use mHveB for entry. It is interesting that the mutant gD expressed by HSV-1 (KOS)Rid1 exhibited a small but reproducible level of interference ( Fig. 3B and E) , although the mutant appeared unable to use mHveB for entry. Human HveB is able to mediate entry of both PRV and HSV-1(KOS)Rid1 (31) . Because the human and murine forms of HveB are highly homologous (84% similarity), it should be relatively straightforward to identify features of human HveB that permit entry of HSV-1(KOS)Rid1 and, presumably, more efficient interaction with Rid1 gD. mHveB is expressed in many mouse cell lines. To assess expression of mHveB in various cell lines, total RNA was extracted from cells lysed with RNA STAT-60 (Tel-Test, Inc., Friendswood, Tex.), and the RNA was converted to first-strand cDNA with the 3Ј rapid amplification of cDNA ends system (Gibco BRL), followed by PCR amplification with primers specific for mHveB␣ or mHveB␦ and ␤ 2 -microglobulin. As shown in Fig. 4 , mHveB␣ expression was detected in most cell lines tested, including melanoma and neuronal lines. Only one cell line tested (NJ101 of B-cell origin) reproducibly gave negative results. Similar results were obtained with primers specific for mHveB␦ cDNA except that mHveB␦ cDNA was not 4 were found to be susceptible to PRV entry, including NJ101 cells, in which mHveB mRNA was not detected. Antibodies specific for mHveB could be expected to block PRV infection of mouse cells, provided that mHveB was the principal receptor available for viral entry. Two cell lines that could be infected by PRV, one of which expressed mHveB mRNA (B78H1) and the other of which apparently did not (NJ101), were preincubated with anti-mHveB MAb (6B3) or control antibody prior to inoculation with PRV. As shown in Fig. 5 , PRV infection of B78H1 cells could be blocked almost completely by the anti-mHveB MAb in a dose-dependent manner. In contrast, the same antibody did not block infection of NJ101 cells, indicating expression of some other mediator(s) of PRV entry in these cells. The same experiment performed (data not shown) with other mouse cell lines produced no detectable inhibition (NIH 3T3) or only partial inhibition (LM-tk Ϫ ), suggesting the expression of multiple mediators of PRV entry in these cells. This is not surprising given that multiple PRV coreceptors belonging to the poliovirus receptor subfamily have been identified in human cells.
Although humans and rodents are not normally infected by PRV, the existence of human and murine cell surface proteins that can mediate PRV entry provides an explanation for the broad host range of PRV in cultured cells. The fact that PRV can use both human and murine members of the poliovirus receptor subfamily as entry receptors strongly suggests that porcine and other animal homologs of these cell surface proteins are very likely to be functional entry proteins for PRV infection of cells of the natural hosts. The results suggest that PRV interacts with some highly conserved features of human and animal members of this receptor subfamily.
Although rodents including mice and rats are not regarded as the natural hosts, they can be infected by PRV and have been extensively used as models for studying PRV pathogenesis and also for tracing neuronal connections by the spread of viral infection (3, 4, 7, 16, 25) . It is possible that infection of neurons could be mediated by mHveB or by another related member of the Ig superfamily not yet characterized. The discovery of mHveB as a cellular coreceptor for PRV entry, along with the results suggesting that PRV gD can interact with mHveB, is sure to open new avenues for understanding the mechanism of entry and spread of PRV in the cells of animals. At the same time, more experiments are needed to identify other mediators of PRV entry in mouse and their homologs in host animals to determine if the mechanism of entry is similar and interchangeable in mice and pigs, the natural hosts for PRV. , and NJ101 cells were preincubated with anti-mHveB MAb (diamonds). After 30 min of incubation, the cells were challenged by the addition of a constant dose of ␤-galactosidase-expressing PRV. After 3 h of incubation, the virus-MAb mixtures were removed, unpenetrated virus was inactivated by brief treatment with 100 mM citrate buffer (pH 3.0), and incubation was continued for another 3 h. The cells were permeabilized, and ONPG (onitrophenyl-␤-D-galactopyranoside) substrate was added for quantitation of ␤-galactosidase activity as described in the text.
